Microorganisms in the family of Geobacteraceae are the predominant Fe(III) reducers in many subsurface environments where dissimilatory Fe(III) reduction plays an important role in the degradation of organic matter or the bioremediation of organic or metal contaminants (12, 13) . The mechanisms by which Fe(III)-reducing microorganisms reduce Fe(III) are poorly understood. It is known that phylogenetically distinct Fe(III) reducers reduce Fe(III) oxide with significantly different mechanisms. For example, Geothrix and Shewanella species produce soluble electron shuttles and/or Fe(III)-chelating compounds to alleviate the need for direct electron transfer from the cell surface to the surface of Fe(III) oxide (20) (21) (22) 26) . However, current evidence suggests that Geobacter species require direct physical contact between cells and extracellular electron acceptors (19) , which may be achieved with appendages such as flagella and pili (3) .
Earlier biochemical studies suggested that c-type cytochromes are likely to be involved in Fe(III) reduction in Geobacter species (8, 9, 16) . Further genetic studies, concentrating on Geobacter sulfurreducens, due to the availability of a genetic system (5) and the genome sequence (17) , indicated that a periplasmic cytochrome, PpcA (11) ; an inner membrane-associated cytochrome, MacA (2) ; and an outer membrane cytochrome, OmcB (10) , are important for Fe(III) reduction. Based on location, PpcA and MacA were proposed to be intermediary electron transfer components whereas the outer membrane localization of OmcB and the severe impact on Fe(III) reduction when omcB was deleted suggested that OmcB might be the terminal Fe(III) reductase (10) .
However, sequencing of the G. sulfurreducens genome has demonstrated that this organism contains genes for over 100 putative c-type cytochromes (17) . A potential reason for this unprecedented number of cytochromes is that this might provide the opportunity for G. sulfurreducens to form multiple routes for electron transfer to Fe(III) and thus better maximize rates of Fe(III) reduction and/or provide a high degree of flexibility to adapt to disruptions in electron transfer pathways. In order to investigate this potential for adaptation further, the long-term adaptation of the OmcB-deficient mutant was studied.
MATERIALS AND METHODS
Bacterial strains and culturing conditions. Geobacter sulfurreducens strain DL1 (5) and DL6 (omcB::cam) (10) were routinely cultured anaerobically in NBAF (acetate/fumarate) or FWFC [acetate/Fe(III) citrate] medium at 30°C as previously described (5) . Steady-state growth was investigated in chemostats under strict anaerobic conditions (N 2 -CO 2 [80:20, vol/vol]) in a freshwater medium containing Fe(III) citrate (56 mM) as the electron acceptor and limited acetate (5.5 mM) as the electron donor as previously described (4, 6) . The dilution rate was 0.05 h Ϫ1 . Detection of cytochromes in the membrane fraction. The membrane fractions of G. sulfurreducens were isolated as described earlier (10) . Proteins (50 g) of membrane fractions were analyzed with Tris-Tricine denaturing polyacrylamide gel electrophoresis (1) . c-type cytochromes were detected by staining with N,N,NЈ,NЈ-tetramethylbenzidine as previously described (7, 25) . Molecular standard markers were purchased from Bio-Rad Laboratories (Hercules, CA) and were stained separately with Coomassie blue R-250.
Analytical techniques.
Protein concentration was determined with the bicinchoninic acid method with bovine serum albumin as a standard (24) . Cells were counted using epifluorescence microscopy with acridine orange staining (15) . Fe(II) concentrations were determined with the ferrozine assay as previously described (14) . Acetate concentrations were measured with high-pressure liquid chromatography on a Hewlett-Packard series 1100 (Agilent Technologies, Inc., Albany, NY) with a Bio-Rad Aminex HPX-87H column (300 ϫ 7.8 mm) and a mobile phase of 8 mM H 2 SO 4 .
DNA microarray hybridization experiments and data analysis. Total RNA was isolated from two sets of identically treated chemostat cultures of both the wild type and the adapted OmcB-deficient mutant. A total of 11 replicate hybridizations were carried out: five replicate hybridizations were from one set of the biological samples, and six were from the other set. DNA microarray hybridization and data analyses were described previously (18) . Briefly, total RNA (5 g) that was isolated from steady-state continuous cultures of the wild type and the adapted OmcB-deficient mutant was used to synthesize cDNA labeled with Cy3-Cy5 fluorescent dyes, which was hybridized to gene arrays. The signal from each spot in the arrays served as a measure of the expression level of each gene and was used to calculate the expression ratio between the wild type and the mutant.
Quantitative reverse transcription-PCR (RT-PCR).
For cDNA synthesis, SuperScript III RNase H Ϫ reverse transcriptase (Invitrogen Co., Carlsbad, CA) was used according to the manufacturer's instructions with gene-specific antisense primers 8908-2 (10) and 8915 (4) for omcB and omcC, respectively.
The quantitative real-time PCR was carried out as previously described (4). Two specific primer sets, 8912/8908-2 and 8917/8915 (4), were used to determine levels of mRNA for omcB and omcC, respectively. The temperature profile was composed of an initial incubation step for 2 min at 50°C (activation of the polymerase) followed by a 10-min denaturation step at 95°C, 40 cycles of denaturation for 45 s at 95°C, annealing for 1 min at 58°C, elongation for 1 min at 72°C, and a final elongation step for 6 min at 72°C.
DNA and RNA manipulations. PCR product purification was carried out using QIAGEN PCR purification kits (QIAGEN Inc., Valencia, CA). Probes for Northern blot analysis were labeled with [␣-32 P]dATP using a Strip-EZ DNA probe synthesis and removal kit (Ambion Inc., Austin, Texas). [␣-32 P]dATP was purchased from PerkinElmer Life and Analytical Sciences, Inc., Boston, MA. All primers used to amplify G. sulfurreducens sequences were designed using the G. sulfurreducens genome sequence (17) . QIAGEN Taq DNA polymerase (QIA-GEN Inc., Valencia, CA) was used for all PCR amplifications.
Total RNA was isolated from mid-log cultures using RNeasy Midi kits (QIA-GEN Inc., Valencia, CA) followed by treatment with RNase-free DNase (Ambion Inc., Austin, Texas). Northern blot analyses were carried out with the NorthernMax-Gly system (Ambion Inc., Austin, Texas) according to the manufacturer's instructions. All probes for Northern blot analyses were purified PCR product. Primers for amplifying probes are listed in Table 1 . The PCR amplification program was as follows: 96°C for 40 s followed by 25 cycles of 96°C for 40 s, 58°C for 1 min, and 72°C for 1 min and a final extension at 72°C for 10 min.
RESULTS
Adaptation of OmcB-deficient mutant (DL6) to grow on soluble Fe(III). As previously reported (10), the OmcB-deficient mutant did not reduce Fe(III) citrate for periods of time well beyond those in which the wild-type cells had reduced all the Fe(III) (Fig. 1) (6 h), and the number of cells produced was only 38% of that of the wild type. The OmcB-deficient mutant never adapted to grow with Fe(III) oxide as the terminal electron acceptor (data not shown).
With two successive transfers of the adapted OmcB-deficient cells in Fe(III) citrate medium, the rate of Fe(III) reduction approached that of the wild type (Fig. 2) . However, the final cell yield of OmcB-deficient mutant remained less than half of that of the wild type. The same pattern of adaptation was observed repeatedly when fumarate-grown cultures of the OmcB-deficient mutant were inoculated into Fe(III) citrate medium, suggesting that the adaptation was not due to spontaneous mutations; instead the growth may have resulted from a subpopulation of phase variants or cells with epigenetic modifications. Furthermore, when membrane fractions were isolated from fumarate or Fe(III) citrate-adapted cultures OmcB was not detected (Fig. 3, lanes 3 and 4) . However, at least six other cytochromes, including OmcC, which is a close relative of OmcB but is not required for Fe(III) reduction (10), were present in higher concentrations in the OmcB-deficient mutant than in wild-type cells when membrane fractions were isolated from Fe(III) citrate cultures (Fig. 3, lane 4) . The higher concentration of OmcC in the adapted OmcB-deficient mutant was consistent with the finding that levels of omcC transcripts as determined with quantitative RT-PCR were ca. 10 3 times higher in adapted, Fe(III)-grown cells than in the wild type.
Transcriptional profile comparison of the OmcB-deficient mutant and the wild type. To further investigate potential differences in gene expression in the adapted OmcB-deficient mutant, transcript levels in continuous cultures of the adapted OmcB-deficient mutant grown with Fe(III) citrate as the electron acceptor were compared to those in wild-type cells with a whole-genome microarray (18) . Although the OmcB-deficient mutant reduced Fe(III) at a rate comparable to that of the wild type in the chemostat [steady-state Fe(II) concentration, wild type versus mutant, 36.5 Ϯ 1.2 mM versus 35.6 Ϯ 2.9 mM, respectively; mean Ϯ standard deviation; n ϭ 3], the steadystate cell yield of the mutant was only 61% of that of the wild type (total protein of wild type versus mutant, 0.036 Ϯ 0.003 versus 0.022 Ϯ 0.007 mg/ml, respectively).
The adaptation of the OmcB-deficient mutant to grow on Fe(III) citrate was associated with changes in expression of a variety of genes involved in electron transfer and metabolism (Tables 2 and 3 ). A total of 83 genes had higher transcript levels in the OmcB-deficient mutant than in the wild type (Table 2) , and 88 genes appeared to have lower transcript levels in the mutant (Table 3) . Eighty-six genes had transcript levels that changed more than twofold in the OmcB-deficient mutant, with 47 genes up-regulated and 39 genes down-regulated.
The greatest increase in transcript levels was for GSU2504 and GSU2503 (Tables 2 and 4) , which are cotranscribed and are predicted to encode two outer membrane c-type cytochromes, OmcS and OmcT, with high similarity to each other (D. Holmes et al., submitted for publication; T. Mehta et al., submitted for publication). OmcS, the cytochrome encoded by GSU2504, is readily sheared off from the outer surface of G. sulfurreducens and is involved in insoluble Fe(III) reduction and electricity production (T. Mehta, submitted for publication). The protein encoded by GSU2503, OmcT, has yet to be detected in any proteomic analysis of G. sulfurreducens (R. Ding, unpublished data). Transcripts of omcS and omcT were detected in wild-type cells during growth on insoluble Fe(III) oxide but not on soluble Fe(III) citrate (T. Mehta et al., submitted for publication). However, transcripts of both omcS and omcT were detected in the adapted OmcB-deficient mutant during growth on Fe(III) citrate (Table 2 ; see also Fig. 5 ). Thus, it is likely that the heme-staining protein recovered in higher levels from the adapted OmcB-deficient mutant (Fig. 3) with a molecular mass of ca. 45 kDa was OmcS.
Genes with significant changes in their transcript levels could be categorized into 16 different groups according to their functions (Fig. 4) . The largest functional groups that had higher levels of transcripts in the OmcB-deficient mutant than in the wild type were those related to energy metabolism and genes for hypothetical proteins. Other than omcS and omcT, the other genes related to energy metabolism which had transcript levels over twofold higher in the adapted mutant were those associated with a nickel-dependent hydrogenase, a cytochrome d ubiquinol oxidase, and a carbon monoxide dehydrogenase ( Table 2 ). The transcript of a relA homolog (GSU2236), whose protein product is predicted to be involved in a stringent response during stress or nutrient depletion, was ca. twofold up-regulated in the mutant. The largest functional groups that had lower levels of transcripts in the OmcB-deficient mutant than in the wild type were those coding for hypothetical proteins, mobile and extrachromosomal element functions, and transport and binding proteins (Fig. 4) . Four c-type cytochrome genes including the omcB gene were among the genes with lower transcript levels than those of the wild type (Tables  3 and 4) . Genes coding for acetate metabolism (acetate kinase, GSU2707, and phosphate acetyltransferase, GSU2706) were among the groups of genes with over twofold-lower transcript levels.
Validation by Northern blotting of expression ratios from transcriptional profiling. Transcript levels for cytochrome genes which were significantly different (ca. twofold) between the adapted mutant and the wild type from the whole-genome microarray analysis were evaluated with Northern blot analyses (Fig. 5) . The results from the Northern analysis compared well with those from the microarray analysis. The only exception was that omcC was not detected as up-regulated in the microarray, but transcript levels of omcC were significantly higher in the Northern analysis, consistent with quantitative real-time RT-PCR results mentioned above. The predicted molecular weights of those cytochromes whose transcript levels were significantly higher (ca. twofold) than those of the wild type from both microarray and Northern analyses (Table 4 ) are in agreement with those protein bands that were identified from the membrane fractions of the OmcB-deficient mutant (Fig. 3,  lane 4) .
DISCUSSION
The results demonstrate that even though G. sulfurreducens has genes for ca. 30 outer membrane c-type cytochromes, including the closely related OmcC, it cannot fully adapt to the loss of OmcB, which is essential for the most effective growth on soluble Fe(III) as well as for any growth on Fe(III) oxide, the most abundant form of Fe(III) in most environments. As detailed below, these results suggest that outer membrane cytochromes, which are frequently viewed as rather promiscuous agents for electron transfer to a variety of extracellular electron acceptors, may in fact have quite specific functions that cannot be replicated by other cytochromes.
Adaptation of OmcB-deficient mutant for growth on soluble Fe(III). Previous short-term studies identified OmcB as an important component in electron transfer based on the finding that deleting omcB inhibited Fe(III) reduction and reintroducing omcB restored the capacity for Fe(III) reduction at a level proportional to the level of OmcB production (10). Furthermore, there is a direct correlation between transcript levels of omcB and rates of Fe(III) reduction in continuous cultures (4) . However, as shown here, after extended incubation the OmcBdeficient mutant is able to adapt and grow with soluble Fe(III) as the sole electron acceptor. One of the more surprising aspects of this adaptation is that, during growth, adapted OmcB-deficient cultures reduced soluble Fe(III) at rates comparable to the wild type, but cell yields were substantially lower, indicating that there is less energy conservation from the pathway for Fe(III) reduction in the adapted mutant. It is unlikely that OmcB, an outer membrane protein, plays a direct role in coupling the flow of electron transport to the generation of a proton motive force, because it is expected that this is primarily established from proton pumping across the inner membrane. However, it is possible that the electron transport pathway from inner membrane electron transport components to OmcB is tightly coupled and that alternative electron transfer pathways to Fe(III) reduction, in the absence of OmcB, require electron transfer from alternative inner membrane electron transfer components that yield less proton pumping. Alternatively, the apparent need for increased biosynthesis of alternative c-type cytochromes, and possibly other proteins, may increase energy consumption and decrease growth yields.
The increased production of other outer membrane c-type cytochromes associated with adaptation in the OmcB-deficient mutant may account for the ability of the adapted mutant to reduce Fe(III) by providing an alternative route(s) for electron transfer to soluble Fe(III).
Five of the nine up-regulated c-type cytochrome genes with higher levels of transcripts in the OmcB-deficient mutant (GSU594, 2495, 2503 [OmcT], 2811, and 2813) were also found to have higher transcript levels when G. sulfurreducens was grown under electron-acceptor limiting conditions, rather than with the electron donor limiting growth (A. Esteve-Nunez, unpublished data). Thus, the physiological state associated with the disruption of the electron transport pathway in the OmcB-deficient mutant may mimic the physiological state under electron acceptor-limiting conditions, and this, as well as possible other physiological signals, may account for the increased production of outer membrane cytochromes. In addition to affecting cytochrome production, the disruption of electron flow in the OmcB-deficient mutant appeared to have an impact on other aspects of metabolism. This was evident from the microarray studies which suggested that there was a decrease in transcription of several genes involved in acetate metabolism and an increase in transcript levels for genes such as a nickel-dependent hydrogenase (GSU0782 to -0787), a cytochrome d ubiquinol oxidase (GSU1640-1641), and a carbon monoxide dehydrogenase (GSU2098), which presumably played a role in maintaining the appropriate balance of reducing equivalents in the OmcB-deficient mutant (23, 27) . Evidence that the mutant was under stress includes the apparent up-regulation of a relA homolog (GSU2236) which has been shown to be important in regulating levels of ppGpp and stress responses in G. sulfurreducens (L. DiDonato et al., submitted for publication), as well as higher transcript levels for other stress response proteins, such as thioredoxin peroxidase (GSU3246), glutaredoxin family protein (GSU2812), and proteins involved in cell envelope biosynthesis (GSU2078, 2497), etc.
Significance of failure to adapt for Fe(III) oxide reduction. The fact that the OmcB-deficient mutant was never able to adapt to grow on Fe(III) oxide emphasizes the central role that OmcB plays in the reduction of this most environmentally relevant form of Fe(III). Although it was initially considered that OmcB might function as the terminal Fe(III) reductase because of its location in the outer membrane (10), subsequent FIG. 4 . Functional groups of up-or down-regulated genes from the adapted OmcB-deficient mutant. The up-or down-regulated genes of the OmcB-deficient mutant were identified by comparing expression patterns with that of the wild type as described in Materials and Methods. Functional classes are determined using the Geobacter sulfurreducens genome page from TIGR (http://www.tigr.org/tigr-scripts/CMR2/ GenomePage3.spl?databaseϭggs). Functional groups of up-regulated genes from OmcB-deficient mutant are represented by black bars, and functional groups of down-regulated genes are shown by gray-striped bars. The number of genes represented in each bar is indicated in the x axis. 
